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Abstract 
Purpose: The study looked into the feasibility of producing pellet using Avicel CL611 as 
spheronization aid by the extrusion/spheronization technique. 
Methods: Pellets were formulated to contain either 20% or 40% Avicel CL611 and lactose 
monohydrate as the other sole ingredient. Water is used as liquid binder. Quality of pellets 
and extrudates were analyzed for size distribution, shape, surface tensile strength and 
disintegration profile. 
Results: More water was needed when higher Avicel CL611 fraction was used during the 
production of pellets. The pellets of larger size were obtained by increasing the water content. 
Pellets with aspect ratios of ~1.1 were produced with high spheronization speed at short 
residence time. Higher tensile strength was achieved when increasing the water content and 
the fraction of Avicel CL611 during pellet production. These pellets also took longer time to 
disintegrate, nonetheless all the pellets disintegrated within 15 minutes. A positive linear 
relationship was obtained between the tensile strength and time for pellets to disintegrate.  
Conclusion: Strong but round pellets that disintegrate rapidly could be produced with Avicel 
CL611 as spheronization aid using moderately soluble compounds such as lactose.  
 
Introduction 
 
Pelletization involves processing of fine powder into free flowing, spherical or semi-spherical 
pharmaceutical agglomerates known as pellets. Pellets manufactured in pharmaceutical 
industries normally range in size from 500 to 1500 µm1. Pellets are an attractive solid dosage 
form as they provide not only the therapeutic advantages but also the technological 
benefits2,3. 
Pellets can be prepared using several techniques2,3. Extrusion/ spheronization is commonly 
used to produce pellets due to the ability to form pellets with high drug content while 
maintaining narrow size distribution. Low friability of the pellets also allow for the 
production of controlled release formulation that can withstand coating process. Production 
of pellets by extrusion/spheronization involves several stages, which include powder mixing, 
wet massing, shaping of wet mass and cutting into extrudate and rolling of extrudates into 
pellet which is followed by drying and screening if necessary3. There are many factors that 
may affect the property of wet mass and extrudates and hence the quality of pellets. Some of 
the factors that were investigated included the quantity and type of liquid binder; physical 
properties of starting materials which include particle size and solubility of drug and 
excipients; type of extruder, extrusion speed and temperature; speed, residence time and 
loading of spheronizer as well as drying techniques3–8. 
 
Spheronization aid is usually incorporated to maintain the balance between plasticity and 
brittleness of the wet mass and extrudates. Due to its hygroscopic property, microcrystalline 
cellulose (MCC) has the ability to absorb water molecules and adsorb moisture from the 
surrounding. It can also retain a significant amount of water, thus provides the appropriate 
rheological properties to the wet mass for further processing9,10. Two models, which are 
‘‘sponge’’ and ‘‘crystallite gel’’, have been proposed to explain how MCC may aid the 
extrusion/spheronization process11,12. 
 
MCC remains one of the most commonly used spheronization aid and many studies were 
based upon the application of the conventional MCC to produce pellets with ideal properties. 
However, the use of MCC is associated with some limitations. Prolonged or incomplete drug 
release profile due to the lack of disintegration has been reported, especially when combining 
drug with poor solubility at high level2,5. The slow release of drug will pose a problem if an 
immediate effect is required. Adsorption of active ingredients onto the surface of MCC 
fibers13 and decomposition of sensitive drugs prior to release have also been reported14. To 
overcome these disadvantages, several strategies have been implemented such as using 
water/ethanol mixture instead of water alone as liquid binder; balancing the ratio of MCC and 
drug with the inclusion of the water-soluble diluents such as solubilizers and disintegrants in 
the formulation; replacing MCC with other possible alternatives such as powdered cellulose, 
hydroxyethylcellulose, pectinic acid, k-carrageenan, crospovidone, chitosan and starch 
derivatives2,5,10,15.  
 
MCC is available in various brands and grades in the market. Different physical properties of 
MCC could affect the quality of the pellets16–18. Compared to Avicel PH-series, Avicel CL 
or RC series are seldom used in manufacturing pellets but are commonly incorporated in 
suspension due to their ability to form thixotropic gel. These types of Avicel consist of MCC 
and sodium carboxymethylcellulose (NaCMC)19. Earlier work by Newton et al.20 reported 
that formulations with equal amount of colloidal MCC and lactose could produce extrudates 
with smooth surfaces, yet the pellets formed were classified as ‘‘rounded’’ instead of round. 
The colloidal grades MCC failed to produce satisfactory pellets due to its inelasticity21. 
Accordingly, the coprocessed NaCMC in the colloidal grades MCC could result in sticky 
granules18. Recently, studies have shown that the colloidal grades MCC could produce 
pellets with high drug loadings (90–95%) using 5-aminosalicylic acid22,23. This was due to 
their abilities to better retain water, thus preventing liquid phase migration (LPM) under 
applied pressure22. High yield could be obtained depending on the physicochemical 
properties of the model drug23. Therefore, colloidal grade MCC such as Avicel CL611 has 
demonstrated its potential as a spheronization aid. The ability of Avicel CL611 to produce 
pellets of satisfactory qualities with water-soluble materials remains to be explored. This 
study aims to investigate the quality of pellets prepared with Avicel CL611 at 60 and 80% 
with lactose as the other sole ingredient. Parameters such as quantity of liquid binder, 
extrusion speed and spheronization speed and residence time during spheronization were 
adjusted during manufacture of pellets. Physical properties of pellets such as size distribution, 
morphology and mechanical properties were investigated. 
 
Materials and methods 
 
Materials 
Avicel CL611 was obtained from FMC Corporation (Philadelphia, PA) and Granulac 230 
(lactose monohydrate) was supplied by Meggle GmbH (Wasserburg, Germany). Freshly 
distilled water was used as liquid binder. 
 
 
Production of pellets 
In this study, different batches of pellets with the ratios of 2:8 and 4:6 of Avicel CL611: 
lactose were produced by using water as liquid binder. The appropriate amount of lactose and 
Avicel CL611 to produce 100 g of product were weighed out using Precisa 400M balance 
(Precisa Balance Ltd., Dietikon, Switzerland). The raw materials were premixed in a 
planetary mixer (Model A901E; Kenwood Chef, UK) for 2 minutes at a speed setting of 3. 
Then an appropriate amount of distilled water was added gradually into the powder mixture 
that underwent mixing for a further 10 minutes. A spatula was used to scrap off the sides of 
the bowl of the mixer to ensure homogenous mixing. The wet mass was then transferred 
immediately into the radial extruder (Model 10 Extruder, G.B. Caleva Ltd., Sturminster 
Newton, UK) fitted with a screen of 150mm in diameter and die holes of 1.0 mm. The 
extrudates produced were then spheronized immediately in a spheronizer (Model 120; G.B. 
Caleva Ltd., UK) fitted with a 125mm cross hatch plate. The pellets were collected and left to 
air dried under room temperature for 48 h before performing further tests. The process 
conditions and actual amount of water used in each preparation are stated in Table 1. 
 
Size distribution of pellets and powder 
The size distribution of pellets was determined with a sieve analyzer. A stack of British 
Standard Sieves (Endecotts) of a root-2 progression from 250 to 2000 µm was set up and pre-
weighed. Approximately 50 g of pellets were transferred to the top sieve and subject to 10 
minutes vibration with mechanical shaker (EFL 2000; Endecotts Ltd., London, UK). The 
final weight of each sieve was recorded and the weight of pellet retained on each sieve was 
calculated. The median diameter (D50) and the interquartile range (IQR) were determined 
after plotting the cumulative undersize distribution curves. The fine and coarse fractions were 
determined as those pellets less than 0.5 mm and over 1.4 mm, respectively. The yield is 
defined as pellets ranged between 0.71 and 1.4mm as this range is collected for further 
processing in to a tablet or a capsule. The percentage of pellets found in the sieve fraction of 
1–1.4mm was also determined. 
 
Pellet shape 
The image analysis system consisting of the image analyser software KS 400 version 3.0 
(Carl Zeiss Vision GmbH, Aalen, Germany) was connected to a digital camera (AxioCam 
MRc5 Carl Zeiss, Go¨ttingen, Germany) and microscope (Ernest Leitz Wetzlar GmbH, 
Wetzlar, Germany). The equipment was calibrated with 1mm graticule (Macro Systems, 
London, UK). Thirty pellets were randomly chosen from the 1–1.4mm sieve fraction of each 
formulation. Shape factors including circularity and aspect ratio were determined. Aspect 
ratio was calculated after determining the Feret diameters, while the circularity was obtained 
from using projected area and projected perimeter directly derived from the software by 
applying relevant formulas described in Podczeck et al.24. 
 
Morphology of pellets 
Scanning electron microscopy (SEM) (Hitachi S3000N, Hitachi High Technologies America 
Inc., Pleasanton, CA) was performed to inspect the morphology of the pellets. Approximately 
10–15 pellets in the 1–1.4mm sieve fraction from each formulation were placed on a 15mm 
double-sided carbon adhesive aluminium specimen stubs (Agar Scientific, Essex, UK). The 
specimen was then coated by exposing to an argon atmosphere for 2 x 105 s (turning through 
180o in between) under the process current of 18–20 mA using Polaron range SC760 coater 
(Quorum Technologies Inc., Guelph, Canada) before capturing the images.  
 
Surface tensile strength of pellets 
A physical testing instrument (CT-5 Engineering System, Nottingham, UK) with a 5 kN load 
cell with speed of the upper platen of 1 mm/min was used to determine the tensile strength of 
30 pellets, which were in the range of 1–1.4 mm sieve fraction. Each pellet was placed 
between the flat plate and the load cell. The force obtained was used to calculate the surface 
tensile strength as described by Shipway and Hutchings25.  
 
Disintegration profile of pellets 
Fifty milligrams of pellets in the 1–1.4mm sieve fractions were weighed using Mettler 
AM100 balance (Mettler Instruments Ltd., Greifensee, Switzerland). The pellets were 
transferred to the disintegration instrument (Model: Erweka ZT4T; Apparatebau GMBH, 
Heusenstamm, Germany) fitted with a basket rack and mesh aperture of 0.42 mm. Seven 
hundred and fifty millilitres of distilled water was used as medium. The basket rack was 
immersed in the medium at 30 dips/min at 37oC. The time for the pellets to disintegrate was 
recorded. Test was repeated thrice for each batch. 
 
 
Results 
 
The pellets were successfully produced by extrusion/spheronization. The quantity of liquid 
binder increased with higher Avicel CL611 fraction in the formulations (Table 1). The liquid 
binder used to produce pellets consisting of 40% Avicel CL611 was almost doubled when 
comparing with those with only 20% Avicel CL611 and this observation was also reported 
earlier with standard MCC26,27. 
 
Size distribution and morphology of pellets  
Determining size distribution and morphology are essential in optimizing the manufacturing 
process for pellets. Measuring pellet shape is challenging as various shape factors and 
techniques to determine shape have shown different sensitivity toward small variation in 
shape24,28. Aspect ratio is one of the earliest shape factors described; though not considered 
as the most sensitive parameter, it remains to be widely used in determining the shape of the 
pellet24. Pellets with the aspect ratio below 1.2 are usually accepted for capsule filling, 
nonetheless the upper limit for aspect ratio should be reduced to 1.1 for pellets with smooth 
surfaces24. Circularity is another popular shape factor to evaluate the pellet shape. The value 
of 1 corresponds to a perfect sphere. The size and morphology of pellets are listed in Table 2. 
In general, the pellets possessed low percentage (<10%) of fine fraction and at least 90% of 
pellets formed were under the sieve size of 1.4mm with the exception of A13. The overall 
yield was high. The percentage of coarse fraction was higher with pellets consisting of 40% 
Avicel CL611. The median diameters of at least 1mm were seen in all pellets consisting of 
40% Avicel CL611 but not in pellets consisting of 20% Avicel CL611. The highest amount 
of pellets collected in the sieve fraction of 1–1.4mm was around 60% regardless of the 
formulation compositions. Pellets consisting of 40% Avicel CL611 conformed better to the 
upper limit of aspect ratio of 1.1, while some of the formulations prepared with 20% Avicel 
CL611 were outside of this limit. These results were also confirmed by examining the 
morphology of the pellets using high resolution SEM (Figure 1). For instance, A10 and A13 
which were produced with 20 and 40% Avicel CL611, respectively, were considered 
‘‘round’’ with aspect ratios less than 1.1 and circularity of over 0.9 (Figure 1a and b) while 
pellets such as A2 and A7 produced with 20% Avicel CL611 and low quantity of water were 
‘‘rounded’’ (Figure 1c and d). For pellets produced with 20% Avicel CL611, increasing the 
liquid binder tends to increase the size and yield of the pellets and the largest median 
diameter was obtained when 28.5% w/w of water was used, which was over 1 mm (Figure 2 
and Table 2). Batch A1 that was produced by using the lowest amount of liquid binder 
showed the highest cumulative size fraction below 1mm (90.8%) and gave the lowest 
percentage of pellets at 1–1.4mm sieve fraction (9.2%). The speed and residence time applied 
during the spheronization process governed the overall force and energy experienced by the 
extrudates, thus affecting the shape and size of the pellets. From the result, high 
spheronization speed produced pellets with an aspect ratio of ~1.1. 
 
Mechanical properties of pellets 
The mechanical properties of pellets in the sieve fraction of 1–1.4mm were determined in 
terms of crushing force and surface tensile strength, and in addition, disintegration time of 
pellets was also measured (Table 3). Tensile strength of above 1 MPa is ideal if further 
processing is necessary29 and this was observed in all the pellets. The pellets produced with 
Avicel CL611 showed rapid disintegration in water. Typical disintegration time was less than 
15 minutes. For the pellets consisting of 20% Avicel CL611, it was found that the tensile 
strength increased with an increasing level of liquid binder. The mean surface tensile strength 
values of A1, A2, A3 and A4 produced with 20.0, 22.5, 25.0 and 28.5% w/w of water were 
2.31, 2.91, 3.98 and 4.55 MPa, respectively, and A4 also took the longest time to disintegrate 
(Table 3). Pellets consisting of 40% Avicel CL611 gave a higher tensile strength than those 
produced with 20% Avicel CL611. The tensile strength of pellets prepared with 40% and 
20% Avicel CL611 ranged from 4.04 to 5.72 and 2.31 to 4.55 MPa, respectively. 
 
Discussion 
 
Size distribution and morphology of pellets 
Liquid binder is a key variable in pellet production via extrusion/spheronization. During the 
wet massing, liquid binder is filled in between the particles to form the liquid bridges to hold 
the particles together. The optimum binder level in the formulation should reach the upper 
limit of the funicular state30, 31. Apart from aiding the formation of appropriate wet mass, 
liquid binder acts as lubricant and plasticizer to assist the wet mass to pass through extrusion 
screen and aid shape deformation during extrusion and spheronization. In this study water 
was used as liquid binder, and the effect of the quantity of water on the pellets was 
determined for formulation consisting of 20% Avicel CL611. Higher amount of liquid binder 
led to greater yield and median diameter but smaller aspect ratio (Figure 2). The wet mass 
produced with 20%w/w of water was quite dry resulting in extrudates, which were easily 
fragmented into fine. This is supported by the earlier study using Avicel PH101, indicating 
that ‘‘dry’’ formulation had led to uneven water content in the extrudates32. Fine fraction 
was high in A1. Hence, the 22.5% w/w of water was considered as the lower threshold for 
preparing pellets consisting of 20% Avicel CL611. 
 
The forces exerted on the extrudates during spheronization, which was governed by the 
applied residence time and spheronization speed affected the morphology of the pellets33. 
The medium spheronization speed employed in this study was insufficient to produce 
adequate frictional and rotational forces to round off the extrudates, and consequently the 
pellets produced were elongated with high aspect ratio except for pellets produced with 
28.5% w/w of water (Figure 1). According to Ek and Newton11, water molecules were 
squeezed and they moved toward the external surface of the MCC sponge during extrusion; 
the sponge structure expanded after the extrusion that led to the extrudates that could deform 
adequately. Soft but tacky extrudates were observed in this study, when more than 28.5% and 
45% w/w of water was used to produce pellets consisting of 20% and 40% Avicel CL611, 
respectively. Without allowing these extrudates to rest and water within samples re-
equilibrate before spheronization, these extrudates led to larger quantity of coarse fraction 
and ball formation. This was partly due to the presence of excess water on surfaces when 
subject to the applied pressure. LPM occurs when there is an excessive water movement34, 
35 and this phenomenon is more pronounced when there is limited amount of MCC available 
to hold the water molecules23 or once the quantity of water exceeded the retention limit of 
MCC. Di Pretoro et al. 22 proposed that 1 g of colloidal MCC required 1.5 g water to 
produce a wet mass with appropriate plasticity. This recommendation is close to the upper 
limit of 28.5% w/w water for formulations consisting of 20% colloidal MCC without 
equilibration of the wet mass or extrudates. Nonetheless, for pellets consisting of 40% Avicel 
CL611, less water was required than anticipated. The other ingredients in the formulation 
such as the coprocessed NaCMC with its gel-forming property19 and use of lactose, a 
moderately water-soluble excipient, can also affect the water holding capacity of the wet 
mass 8, 23, 27,36, 37. Therefore, an appropriate quantity of water should be added in order to 
reach the acceptable consistency and plasticity for extrusion and spheronization.  
 
In this study, extrudates with smooth surface were produced with the exception when 
extruded slowly. When applying high spheronization speed, the pellets produced with low 
extrusion speed were associated with large quantity of fine fraction and larger IQR while the 
median diameter was smaller as seen with A5 (Table 2). Harrison et al.38 indicated that the 
surface defect of extrudates could lead to uneven fragmentation during the early stage of 
spheronization and as a result, the amount of fines increased and pellets with wide size 
distribution were obtained. Tomer and Newton34 and Rough et al.39 reported that the water 
molecules had enough time to find a least resistance pathway to move to the bottom paste in 
the barrel of a ram extruder at low extrusion speed, thus leading to greater LPM. The 
explanation may be less applicable when using a radial screen extruder. Hasznos et al.40 
recommended that high speed should be used when extruding wet mass with an axial screen 
extruder to avoid decrease in moisture content of the intermediate products. When low 
extrusion speed was employed, water evaporation was more prominent because the overall 
process took longer to complete. Therefore, higher water loss was anticipated, which could 
reduce plasticity of extrudates. 
 
Spheronization of pellets occurs via several stages that involve breaking up the rod shape 
extrudates into shorter cylinders, agglomeration of the shorter cylinders and smoothing the 
surface to form pellets. Applying high spheronization speed produced pellets with the aspect 
ratio 1.1 and circularity closer to 1 regardless of the surface texture of the extrudates (Table 
2). Baert et al.41 demonstrated that rounder pellet was produced with longer residence time. 
However, residence time has little effect on the shape of the pellet produced in our study 
when sufficient quantity of liquid binder is used but smaller yield is obtained in pellets 
consisting of 40% Avicel CL611 due to the production of coarse fractions (Table 2). The 
result is supported by earlier work where increasing residence time up to 10 minutes could 
increase the pellet size due to agglomeration while exceeding the limits could decrease the 
size and yield of pellets27. Newton et al.42 stated that the rounding process normally 
completed in 5 minutes and there was only little improvement in shape when increasing 
residence time to 20 minutes in our samples. It is worth to investigate the effect of shorter 
residence time on size, shape and yield in the future.  
 
 
 
Mechanical properties of pellets 
Higher mechanical strength and longer disintegration time were observed as the amount of 
liquid binder increased for pellets consisting of 20% Avicel CL611 (Figure 3). A p value of 
0.001 was obtained from the ANOVA test (SPSS software, ver. 18, Chicago, IL) indicating 
that the influence of water was significant to the tensile strength of Avicel CL611 pellets. 
Water plays a critical role by acting as a medium to enhance the inter-particulates binding 
through the formation of ‘‘water bridges’’43.  The higher the amount of water added to the 
powder blend, the more binding amongst particles could occur, thereby giving the pellet a 
stronger structure. In the study by Di Pretoro et al.23, minimum friability was observed when 
more water was added during pellet production. As the amount of water used increased with 
higher content of Avicel CL611, pellets with 40% Avicel CL611 could create a higher 
amount of water bridges that constituted a stronger structure, which contributed to a higher 
mechanical strength.  
 
Debunne et al.44 indicated that the presence of co-processed NaCMC in Avicel CL611 
increased the water uptake into the pellet matrix and thus Avicel CL611 possessed a greater 
swelling capacity. Nonetheless, disintegration of the pellets was not observed when the 
Avicel CL611 pellets were loaded with low level of poorly water-soluble drug, piroxicam 
(2.5 %w/w) at the ratio of 1:3 of Avicel PH101:Avicel CL61142. In contrast, in our study 
when lactose, which is moderately water soluble, was used as the model drug, complete 
disintegration of the pellets was observed. A decrease in lactose level in pellets with 40% 
Avicel CL611 in our study also retarded the disintegration process (Table 3). The mean 
disintegration time was almost doubled by increasing the proportion of Avicel CL611 (4.3 
versus 7.3 minutes). Therefore, the disintegration profile of the Avicel CL611 pellet depends 
on the drug property as well as its composition in the final pellet formulation. 
 
Disintegration property of solid compact and powder agglomerates is thought to be affected 
by the formulary (e.g. nature of materials) and process (e.g. applied pressure on particle–
particle interactions). For pellets, it has been determined using disintegration equipment or 
during the dissolution study. A range of mesh apertures of the disintegration basket typically 
ranging between 0.4 and 0.8mm have been described and the choice depends on the sieve 
fraction of the pellets. This has made the comparison less direct. The disintegration profiles 
of Avicel CL611 pellets produced in this study were found to be similar to those pellets 
loaded with poorly water soluble drug using carrengeena as sphronization aid but slower than 
those produced using crospovidone as aid45,46. The nature of the materials thus plays a 
critical role in the disintegration process of the pellets. In addition, a polymorphic form of 
conventional MCC or MCC II has shown rapid disintegration profile overcoming the slow 
release of poorly water-soluble drug when formulated with conventional MCC47. No 
relationship was reported in terms of disintegration times with physical properties of pellets 
in the aforementioned works. In Figure 4, a positive linear relationship between the crushing 
force and the disintegration time of the pellets was obtained with a correlation coefficient of 
0.87. A stronger relationship was also observed between tensile strength and disintegration 
time with a r value of 0.94. Dreu et al.4 showed that both tensile strength and disintegration 
times of MCC pellets increased, while the apparent pore diameter, porosity and friability 
decreased via a common factor derived from the specific properties (product of surface 
tension, relative permittivity and cosine of contact angle) of the granulating fluids. Thus, 
choice of the binder is another critical property affecting the disintegration profile of the 
pellets. Since only water was used as binding liquid in this study, other factors affecting the 
mechanical property of pellets such as density and porosity of the pellets need to be studied in 
the future to further elucidate its relation with disintegration times. Nonetheless, taking the 
size into account provides a better relationship to mechanical property and disintegration of 
pellets, as disintegration of the pellet depends on the total surface exposed to the medium for 
disintegration. 
 
Conclusion 
 
Liquid binder was one of the most important parameters that must be established to produce 
pellets with good quality. The quality of pellets with 20% Avicel CL611 was sensitive to the 
quantity of liquid binder. An increase in the quantity of liquid binder resulted in larger pellets 
and higher percentage of yield. As expected, more water was required for successful pellet 
production as the fraction of Avicel CL611 increased. Nonetheless, to avoid the formation of 
sticky product18,44, the threshold level of the binding liquid was less than that proposed 
earlier22. Generally speaking, production of ‘‘round’’ pellets has been associated with 
increasing spheronization speed and short residence time. When lactose was used as model 
drug, the disintegration times of the pellets were rapid. The mechanical property of the pellets 
was also influenced by the amount of water used as liquid binder where a higher amount of 
water formed pellets with a higher tensile strength. Pellet formulation with the higher amount 
of Avicel CL611 also gave a higher tensile strength and took longer to disintegrate. A 
positive linear relationship was seen between pellet’s disintegration time and mechanical 
strength.  
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Table 1 Formulation composition and process parameters of pellets. a  Mass of water per dry 
powder mass in percentage. 
  
Batch 
Ratio of Avicel 
CL611 : 
Granulac 230 
Liquid 
binder 
(% w/w)a 
Extrusion 
speed (rpm) 
Spheronization 
speed (rpm) 
Residence 
time (min) 
A1 2:8 20.0 medium medium 10 
A2 2:8 22.5 medium medium 10 
A3 2:8 25.0 medium medium 10 
A4 2:8 28.5 medium medium 10 
.0A5 2:8 22.5 low high 10 
A6 2:8 22.5 medium high 10 
A7 2:8 22.5 medium medium 20 
A8 2:8 25.0 medium high 10 
A9 2:8 25.0 medium high 20 
A10 2:8 28.5 medium high 10 
A11 2:8 28.5 high medium 10 
A12 4:6 45.0 medium high 10 
A13 4:6 45.0 medium high 15 
A14 4:6 45.0 medium high 17.5 
Table 2 Size distribution and shape factors of pellets.  
Batch 
Median 
diameter 
(mm) 
IQR 
Yield (%) 
1-1.4 mm 
sieve 
fraction 
(%) 
Fine 
fraction 
(%) 
Coarse 
fraction (%) 
Aspect 
ratio Circularity (mm) 
A1 0.85 0.18 95.1 9.2 4.5 0.3 1.49 (0.20) 
0.82 
(0.15) 
A2 0.88 0.19 96.9 19.3 2.1 1.0 1.21 (0.11) 
0.90 
(0.15) 
A3 0.94 0.24 96.1 35.9 0.8 3.1 1.14 (0.05) 
0.94 
(0.02) 
A4 1.05 0.21 96.1 60.7 0.4 3.6 1.13 (0.07) 
0.92 
(0.08) 
A5 0.89 0.32 90.3 32.4 9.1 0.6 1.16 (0.06) 
0.93 
(0.06) 
A6 0.99 0.28 95.2 48 2.0 2.8 1.10 (0.04) 
0.94 
(0.03) 
A7 0.94 0.24 97.4 37.8 1.7 0.9 1.36 (0.17) 
0.89 
(0.06) 
A8 0.99 0.27 95.2 47.2 2.5 2.3 1.13 (0.04) 
0.94 
(0.04) 
A9 1.00 0.28 94.2 49 4.3 1.5 1.06 (0.03) 
0.89 
(0.06) 
A10 1.02 0.26 96.8 53.6 0.5 2.8 1.08 (0.03) 
0.93 
(0.03) 
A11 1.05 0.24 95.3 58.9 0.4 4.3 1.15 (0.06) 
0.92 
(0.03) 
A12 1.05 0.24 97.2 59 0.0 2.8 1.08 (0.03) 
0.94 
(0.03) 
A13 1.01 0.30 87.6 46.5 0.4 12.0 1.08 (0.03) 
0.94 
(0.03) 
A14 1.00 0.29 91.0 47 0.5 8.6 1.08 (0.05) 
0.92 
(0.10) 
*Values expressed as mean (Standard deviation). 
 
 
Table 3 Mechanical properties of pellets. Values expressed as Mean (standard deviation).  
 
Batch 
Crushing 
force (N) 
Surface tensile 
strength (MPa) 
Disintegration 
time (min)  
A1 8.05 (2.8) 2.31 (0.9) 3.17 (0.29) 
A2 8.27 (2.9) 2.91 (0.9) 3.83 (0.29) 
A3 15.18 (4.4) 3.98 (1.4) 4.11 (0.0) 
A4 14.87 (3.6) 4.55 (1.3) 5.96 (0.42) 
A5 7.40 (1.6) 2.77 (0.8) 2.55 (0.0) 
A6 11.82 (2.7) 3.95 (0.9) 5.01 (0.0) 
A7 10.25 (5.0) 2.85 (1.7) 3.08 (0.0) 
A8 12.68 (4.3) 3.97 (1.2) 4.33 (0.0) 
A9 13.96 (2.9) 3.54 (0.8) 5.41 (0.05) 
A10 12.59 (3.6) 3.83 (1.5) 5.17 (0.14) 
A11 12.30 (3.6) 3.88 (0.9) 4.76 (0.31) 
A12 12.34 (2.5) 4.04 (1.0) 5.13 (0.06) 
A13 17.84 (6.8) 5.72 (1.7) 8.31 (0.71) 
A14 17.19 (4.5) 5.68 (1.1) 8.38 (0.05) 
 
a b
c d
 
 
Figure 1 Scanning electron micrographs of pellets at magnification ×40. (a) A10, (b) A13, (c) 
A2, (d) A7. 
 
  
 
 
Figure 2 Effect of liquid binder on mean diameter, aspect ratio and yield of pellets consisiting 
of 20% Avicel CL611. The extrusion speed is 30rpm (medium) and spheronisation speed and 
residence time were 900 rpm (medium) and 10 minutes, respectively.  
  
Figure 3 Effect of liquid binder on surface tensile strength and disintegration time of pellets 
consisiting of 20% Avicel CL611. The extrusion speed is 30rpm and spheronisation speed 
and residence time were 900 rpm and 10 minutes, respectively.  
 
 
Figure 4 Mean disintegration time versus mean tensile strength and crushing force of pellets.  
 
